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The role of temperature in determining the stimulation of CO,
assimilation at elevated carbon dioxide concentration in soybean

seedlings

Lewis H. Ziska and James A. Bunce

Introduction

Ziska, L. H. and Bunce, J. A. 1997. The role of temperature in determining the stimu-
lation of CO, assimilation at elevated carbon dioxide concentration in soybean seed-
lings. — Physiol. Plant. 100: 126-132.

Soybean (Glycine max cv. Clark) was grown at both ambient (ca 350 ymol mol™) and
elevated (ca 700 umol mol™) CO, concentration at 5 growth temperatures (constant
day/night temperatures of 20, 25, 30, 35 and 40°C) for 17-22 days after sowing to de-
termine the interaction between temperature and CO, concentration on photosynthesis
(measured as A, the rate of CO, assimilation per unit leaf area) at both the single leaf
and whole plant level. Single leaves of soybean demonstrated increasingly greater
stimulation of A at elevated CO, as temperature increased from 25 to 35°C (i.e. opti-
mal growth rates). At 40°C, primary leaves failed to develop and plants eventually
died. In contrast, for both whole plant A and total biomass production, increasing tem-
perature resulted in less stimulation by elevated CO, concentration. For whole plants,
increased CO, stimulated leaf area more as growth temperature increased. Differences
between the response of A to elevated CO, for single leaves and whole plants may be
related to increased self-shading experienced by whole plants at elevated CO, as tem-
perature increased. Results from the present study suggest that self-shading could
limit the response of CO, assimilation rate and the growth response of soybean plants
if temperature and CO, increase concurrently, and illustrate that light may be an im-
portant consideration in predicting the relative stimulation of photosynthesis by ele-
vated CO, at the whole plant level.
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index, self-shading, soybean.
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and Acock 1986, Sicher et al. 1994). In contrast, a few
studies have shown continued stimulation of photosyn-

It is well known that atmospheric CO, is increasing and
is expected to exceed 600 pumol mol™ by the end of the
21st century (Schlesinger 1986). While short-term (i.e.
minutes, hours) exposure to elevated CO, increases net
photosynthesis in leaves of plants possessing C; metabo-
lism, the same leaves exposed to long-term (days, weeks)
concentrations of elevated CO, may not always show
continued photosynthetic stimulation relative to the am-
bient CO, condition. This increasing insensitivity of pho-
tosynthesis to elevated CO, concentrations has been ob-
served in a large number of studies for a wide range of
experimental conditions (cf. Wulff and Strain 1982, Cure
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thesis (determined as CO, assimilation) at elevated CO,
for months or years (Ziska et al. 1990, Eamus et al.
1993). Since plant productivity can be determined in
large part by photosynthetic rate, it will become critical
to understand those factors which influence the degree of
photosynthetic stimulation as atmospheric CO, increases
(cf. Bunce and Ward 1986, Sage 1994, Woodrow 1994).
One such potential factor is the predicted increase in
global temperature. It is expected that the increase in at-
mospheric CO, may result in a concurrent increase in the
mean surface temperature of the earth (34 K with a
doubling of current CO,, see Schlesinger 1986). Such an
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increase in mean temperature could also be accompanied
by an increase in the frequency of extremely high tem-
perature events (Mearns et al. 1984).

If the photosynthetic response of plants to CO, and
temperature is interactive, then the temperature response
at ambient CO, could not be used to predict the response
at elevated CO,. When plants are first exposed to an ele-
vated CO, environment, the net photosynthetic rate is
stimulated. This is, in part, because high CO, concentra-
tion increases the velocity of carboxylation and reduces
photorespiration (Long 1991). Since photorespiratory
carbon loss increases with temperature, elevated CO,
should stimulate net photosynthesis more as temperature
rises (Long 1991, Potvin 1994). Observations of greater
photosynthetic stimulation (as well as growth) at ele-
vated CO, with increasing temperature are consistent
with these theoretical predictions for a wide range of
plant species (Idso et al. 1987, Sage and Sharkey 1987,
Acock et al. 1990, Ziska et al. 1990).

One notable exception to the predicted interaction of
temperature and CO, on photosynthesis and growth is
soybean. To date, a number of studies have shown that
the relative enhancement of CO, assimilation in soybean
exposed to elevated CO, is unchanged (Jones et al. 1985,
Campbell et al. 1990, Baker and Allen 1993) or even de-
creased with increasing temperature (Sionit et al. 1987).
Presumably such a response is not a result of supra-opti-
mal growth temperatures, since soybean is well adapted
to tropical and subtropical conditions.

In our previous work with soybean, we observed that
long-term enhancement of CO, assimilation by higher
CO; concentrations and temperature differed between
single leaves and whole plants (Ziska and Bunce 1995).
This suggested that the relative enhancement of assimi-
lation at high CO, and increased temperature could vary
depending on the level of complexity examined (i.e.
leaves vs whole plant); however, to date, no direct com-
parisons have been made. To quantify the response and
to determine the basis for potential differences in
long-term enhancement of CO, assimilation between
single leaves and whole plants with elevated CO, at
changing temperature, soybean was grown at five con-
stant day/night temperatures (20, 25, 30, 35 and 40°C)
and two CO, concentrations (350 and 700 pmol mol™).

Abbreviations — A, CO, assimilation; DAS, days after sowing;
LAI, leaf area index; LAR, leaf area ratio; NAR, net assimila-
tion rate; RGR, relative growth rate; R/S, root shoot ratio.

Materials and methods

Experiments were conducted in controlled environment
chambers located at the Climate Stress Laboratory,
USDA-ARS, Beltsville, Maryland, using soybean (Gly-
cine max cv. Clark, maturity group IV). Seed for Clark
was obtained from the USDA soybean germplasm col-
lection in Urbana, Illinois.

For each controlled environment chamber (EGC,
Chagrin Falls, OH, USA), the CO, concentration was
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controlled by continuous flushing with CO,-free air, then
re-injection with CO, to maintain the desired CO, con-
centration. Injection of CO, was controlled by an abso-
lute infra-red gas analyzer (WMA-2, PP Systems, Hav-
erhill, MA, USA) which sampled air continuously. The
set points for CO, were 350 (ambient) and 700 pmol
mol™! (elevated, 100% above ambient). Actual CO, con-
centrations for an average 24 h period were 356 + 13 and
699 + 2 yumol mol™. Since only one pair of chambers was
available, the same experiment was repeated five times
at constant day/night temperatures of 20, 25, 30, 35 and
40°C + 0.5°C. To determine the effect of a lower growth
temperature on leaf initiation, the 35°C was repeated
with a lower temperature (25°C) used for the period
from sowing until unfolding of the first trifoliate leaf. In
all experiments, plants received 14 h of 1000 pmol m™
s™' photosynthetic photon flux density (PPFD) at the up-
per leaf level from a mixture of incandescent, high pres-
sure sodium and metal halide lamps (GE Corp., Glen
Ellen, VA, USA). At temperatures between 20 and 35°C,
average daily relative humidity (RH) exceeded 60% (ca
65%); however, average daily RH for the 40°C growth
temperature was 49%. Temperature, CO, concentration
and RH were monitored and recorded at 1-min intervals
by a EGC network datalogger (EGC Corp.) in conjunc-
tion with a PC.

Two to three seeds were sown in 15-cm diameter plas-
tic pots filled with 1.8 1 of vermiculite. All pots were
thinned to one seedling within 2-3 days following emer-
gence. For each experiment at a given growth tempera-
ture, 20 to 25 pots were assigned to each CO, treatment.
Pots were arranged to avoid shading from other plants.
All pots were watered daily (twice daily at the 35 and
40°C growth temperatures) with complete nutrient solu-
tion containing 13.5 mM nitrogen (Robinson 1984).

Measurement of 24-h whole plant gas exchange for
each experiment began at the same physiological stage
(unfolding of first trifoliate). Age at this physiological
stage differed depending on growth temperature and CO,
concentration. To determine daily rates of CO, assimila-
tion, whole plants were placed inside one of two ca 5-1
Mylar chambers held at the respective growth tempera-
ture. Air of the same CO, concentration used during
growth was obtained by mixing CO,-free air with pure
CO, before it passed through each chamber. The air
stream was humidified by bubbling through a wa-
ter-filled container. Humidity, light and temperature
within the smaller measurement chamber were set to
match those of the entire growth chamber. A differential
infrared CO, analyzer (Li-Cor 6252, Lincoln, NE, USA)
measured the net CO, exchange rate over a 7-9-day pe-
riod across each of the smaller chambers. The sensitivity
of the analyzer was corrected for the background CO,
concentration. Data for chamber temperature, flow rate
and CO, concentration were recorded using a microlog-
ger (21X, Campbell Scientific, Logan, UT, USA) at
10-min intervals. A daily average of whole plant CO, as-
similation was determined on a leaf area basis, taking
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into account the total leaf area of the plant for each har-
vest. (Estimates of leaf area between harvest dates were
extrapolated from harvest data). Single leaf gas exchange
was determined using an open-gas-exchange system
(CIRAS-1, PP Systems) under the growth conditions for
the first trifoliate leaf for 3-5 plants at full expansion.

At ca 48-h intervals during the 7-9-day period, the
two measured plants and three to four additional (non
measured) plants were harvested and a new set of plants
placed within the measurement chambers. At each har-
vest, plants were separated into leaves, stems and roots
and were oven dried at 70°C for 48-96 h (depending on
sample size). Leaf area was also measured with a leaf
area meter (Model 3100, Li-Cor). Leaf area ratio (LAR),
and relative growth rate (RGR) were used to calculate
net assimilation rate (NAR) over the 7-9 day measure-
ment period. LAR, RGR and NAR were determined ac-
cording to Jones (1983). All remaining plants for all
growth temperatures (except 40°C) were harvested
21-22 days after sowing (DAS). For the 40°C growth
temperature, plants failed to develop normally and all
plants were harvested at 17 DAS. The failure of the
40°C plants to produce adequate leaf area (at either CO,
concentration) prevented measurement of gas exchange
data for this temperature treatment.

Results
Enhancement of CQ, assimilation

For fully expanded single leaves, the rate of CO, assimi-
lation was significantly greater for leaves grown at 700
pmol mol™ compared to that of leaves grown at 350 pumol
mol™ CO, at all growth temperatures (Fig. 1). At growth
temperatures above 20°C, the stimulation of assimilation

"] 350 pmo! mol* CO, B8 700 umol mol’ CO,

Single Leaf Assimilation (umol CO, mZgh)

20 25 30 35

Growth Temperature (°C)

Fig. 1. Rates of single leaf assimilation of the terminal leaflet of
the first trifoliate of soybean at 700 pmol CO, mol™ for leaves
grown at four different temperatures (20, 25, 30 and 35°C) and
two CO, concentrations (350 and 700 umol mol™). See Materi-
als and method for additional details. * Indicates a significant
difference (P<0.05) using a Student’s unpaired t-test. PPFD

2 -1

=2000 umol m™ s™, n=3-5 plants.

at elevated CO, (relative to the ambient condition) in-
creased with increasing temperature, with the greatest
relative stimulation observed for the 35°C treatment (Fig.
1). Two-way analysis of variance indicated that the CO,
by temperature interaction was signficant at P = 0.05.
Measurements of whole plant assimilation early in de-
velopment showed a similar enhancement by the higher
CO, concentration, but this stimulation declined precipi-
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further stimulation of CO, assimilation was
observed after 10 and 13 DAS, respectively.
(Student’s unpaired #-test).
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Tab. 1. Change in whole plant assimilation (umol CO, m™s™) and
NAR (g m™~ day™) in soybean as a function of constant growth
temperature (20, 25, 30 and 35°C) and CO, concentration (350,
700 pmol mol™). * Indicates a significant difference (P < 0.05) as a
function of CO, using a Student’s unpaired #-test.

Growth CO, Assimilation NAR

temperature concentration

20 350 129 6.8
700 22.8*% 14.7*

25 350 135 124
700 22.1% 19.1*

30 350 229 15.8
700 26.7 17.1

35 350 179 17.1
700 194 17.6

tously at the higher growth temperature (i.e. 30 and
35°C, Fig. 2). In contrast, at the lower growth tempera-
tures (i.e. 20 and 25°C) the enhancement of CO, assimi-
lation by the higher CO, concentration persisted during
the measurement period (Fig. 2). To confirm this rela-
tionship, mean daily assimilation rates were averaged
over the measurement period and compared with esti-
mated values of NAR for the same period. In both cases,
similar relationships between CO, enhancement and in-
creasing growth temperature were observed (Tab. 1).

Growth enhancement

The relative enhancement of plant dry weight (roots,
stems and leaves) by the higher CO, concentration was
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Fig. 3. Change in total dry weight (leaves, stems and roots) of
soybean plants grown at five different temperatures (20, 25, 30,
35 and 40°C) and two CO, concentrations (350 [O] and 700 {@]
umol mol™) after 22 DAS (17 DAS for the 40°C). RE is the rel-
ative enhancement of growth at the elevated CO, concentration
(relative to ambient CQO,). * Indicates a significant effect on
whole plant dry weight as a result of growth at elevated CO,
(Student’s unpaired r-test). n=5.
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Tab. 2. Harvest characteristics of soybean by weight (g plant™) as a
function of constant growth temperature (20, 25, 30, 35 and 40°C)
and CO, concentration (350, 700 pmol mol™). *Indicates a signifi-
cant difference (P <0.05) as a function of CO, using a Student’s un-
paired #-test. All plants were harvested at 22 DAS except for the
40°C treatment which was harvested at 17 DAS.

Growth CO, Leaf Stem Root Total
temperature  concentration weight weight weight weight
20 350 045 009 017 071
700 0.78* 020 037 1.36*
25 350 326 130 179 635
700 530* 1.62  3.08* 10.10*
30 350 432 134 193 760
700 526* 147 2.38 9.11
35 350 3.23 137 126 576
700 4.15* 1.19 143 6.76
40 350 012 002 003 017
700 012 002 002 016

reduced or eliminated as growth temperatures increased
(Fig. 3). (Relative enhancement was determined at the
final harvest [22 DAS], and calculated as (E-A)/A,
where E and A stand for the elevated and ambient CO,
treatments, respectively). The greatest relative enhance-
ment was observed at 20°C (0.92) with no significant
enhancement from higher CO, observed at temperatures
above 30°C. Overall during this period, growth at ele-
vated CO, shifted the optimal growth temperature down-
ward ca 2°C relative to the ambient CO, condition as de-
termined by the maximum value of the fitted curve (Fig.
3).

With respect to growth parameters of individual or-
gans, root growth showed the greatest stimulation at ele-
vated CO, at the lower growth temperatures with signifi-
cant increases noted in root/shoot (R/S) (Tab. 2). Signifi-
cant increases in stem weight were only observed with
elevated CO, at 20°C. Interestingly, however, a signifi-
cant stimulation in leaf weight was observed at elevated
CO, for all growth temperatures.

The relationship between temperature and CO, for
leaf area was opposite to that observed for whole plant
CO, assimilation rate and growth stimulation (Fig. 4).
That is, elevated CO, increased leaf area more at higher
growth temperatures (Fig. 4). Estimates of leaf area in-
dex (LAI) determined using the surface area of individ-
ual pots (ca 190 cm?) showed an approximate doubling
of LAI at 35°C with elevated CO, (3.8 vs 6.9) at 21
DAS. When whole plant CO, assimilation rate was plot-
ted as a function of leaf area, the relationship between
CO, and growth temperature was similar to that ob-
served in Fig. 2 (Fig. 5). That is, as total leaf area in-
creased, the stimulation in CO, assimilation rate (at
equivalent total leaf area) decreased at the warmer, but
not the cooler growth temperature (Fig. 5).

Discussion

At the single leaf level, stimulation of CO, assimilation
at the higher CO, concentration was observed at all
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Fig. 4. Leaf area for soybean grown at four
different temperatures (20, 25, 30 and 35°C)
and two CO, concentrations (350 [O] and
700 [@] pmol mol™) as a function of time.

] Estimated curves were determined based on
. four harvests of leaf area (n = 5 plants for
each harvest) at different DAS for each
growth temperature (up to 35°C) and CO,
concentration. All estimated curves had a R?
value > 0.98.
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growth temperatures during the measurement period.
Over the range from 25 to 35°C (i.e. at optimal growth),
the relative stimulation of CO, assimilation rate in-
creased from 36 to 72%. This is consistent with the theo-
retical predictions for increasing temperature and ele-
vated CO; (e.g. Idso et al. 1987). That is, since photores-
piratory carbon loss increases with temperature and in-

Leaf Area (cm2 plant'l)
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creasing CO, concentration reduces photorespiratory
loss (thus increasing net photosynthesis), elevated CO,
should stimulate CO, assimilation more as temperature
rises (cf. Long 1991).

However, the same interaction between temperature
and CO, was not observed for whole plant CO, assimila-
tion during this same period. At the whole plant level,

n o

T 7 T L T T F T T T T

m
[}
2}

20°C

T
L]

30

T T T

25°C 3

35 'E- [ 30°C 4
VE o T s

25

20F

Whole Plant Asssimilation (umol CO, m”s™)

15F

0L

| |

35°C

il

Fig. 5. Rates of whole plant CO, assimilation
calculated on a total leaf area basis for
soybean grown at four different temperatures
(20, 25, 30 and 35°C) and two CO,
concentrations (350 [O] and 700 [@] pumol
mol™) as a function of total leaf area per
plant. Assimilation was determined over a
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7-9-day period. Additional details are given
in Materials and methods. Symbols and
relationships are described in Fig. 2.
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the relative stimulation of both CQ, assimilation rates
and growth at elevated CO, declined as growth tempera-
ture increased. In fact, the enhancement of CO, assimila-
tion rate by elevated CO, concentration was not ob-
served by 14 DAS at both the 30 and 35°C temperature
treatments. Given the results obtained for single leaf as-
similation rates, why would growth temperature influ-
ence the degree of stimulation at elevated CO, differ-
ently for the whole plant? Plants showed no evidence of
water stress or nutrient deficiency at growth tempera-
tures up to 35°C for either CO, concentration.

One potential difference in the response of single leaf
and whole plant assimilation rates may be the light envi-
ronment created by self-shading. The CO, effect on
self-shading varied with temperature. At 35°C for exam-
ple, the leaf area for the elevated CO, treatment was ap-
proximately twice that at lower CO, at 22 DAS, while no
CO, effect on leaf area occurred for the 20°C tempera-
ture treatment.

When plants were grown at 25°C then placed in a
35°C environment just prior to the initiation of whole
plant photosynthetic measurements (i.e. unfolding of first
trifoliate), there were no differences in leaf area between
ambient and elevated CO, during the measurement time
(Fig. 6). Under these conditions, continued stimulation of
CO, assimilation at the higher CO, concentration for

whole plants was observed for the entire measurement
period (i.e. 8 to 14 DAS) (Fig. 6). This suggests that in-
creased leaf area with elevated CO, at higher tempera-
tures led to a decrease in the relative enhancement of CO,
assimilation rate at the whole plant level.

However, it is not clear why this should occur. Be-
cause increasing CO, concentration reduces photorespi-
ration and lowers the light compensation point (Long
1991), net stimulation of CO, assimilation at elevated
CO, should still occur even at low PPFDs caused by
self-shading. In fact, the relative stimulation of single
leaf assimilation rate by elevated CO, may be much
higher at low PPFD (cf. Ziska et al. 1990). Furthermore,
the relative stimulation of assimilation by elevated CO,
at low PPFD also increases strongly with temperature
(Long 1991). In the current study, therefore, stimulation
of whole plant assimilation should have continued at ele-
vated CO, as temperature increased, even if the amount
of self-shadng increased as well. This would have been
evident by higher whole plant assimilation rates at ele-
vated compared to ambient CO, at equal total leaf areas
(i-e. same amount of self-shading). However, in the cur-
rent study, smaller differences in whole plant assimilation
between elevated and ambient CO, treatments at equiva-
lent total leaf areas were observed with increasing growth
temperature and at high leaf area (i.e. Fig. 5). This sug-
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gests instead, that shaded leaves had less relative stimula-
tion by elevated CO, at warmer temperatures.

The mechanism by which assimilation in shaded leaves
would become insensitive to higher CO, concentrations at
high growth temperatures is unclear. Sicher et al. (1995)
demonstrated that long-term growth at elevated CO, re-
duced the quantum yield of photosynthesis. It is not
known, however, if the acclimation of quantum yield at
high CO, could be temperature dependent in soybean.
Bunce (1997) found that the amount of photosynthetic ac-
climation to elevated CO, varied with the PPFD used to
measure photosynthesis. We cannot rule out the possibil-
ity that a similar phenomenon occurred in this study.

In addition to providing a partial explanation for the
temperature insensitivity of soybean photosynthesis at
the whole plant vs the single leaf at elevated CO,, the
current experiment also suggests the importance of
PPFD on stimulation of CO, assimilation in soybean. It
is evident in the current experiment that the amount of
self-shading experienced by the whole plant could limit
its photosynthetic response to elevated CO,. This sug-
gests that the degree of photosynthetic stimulation to el-
evated CO, could differ depending on the PPFD; with
the amount of PPFD experienced by the whole plant de-
termined, in turn, by the growth temperature. (A similar
result might also be expected for whole canopies, with
self-shading plus shading of all plants).

If increased temperature influences leaf area and the
degree of shading, predictions based on known carboxy-
lation kinetics at the leaf level may be inadequate to pre-
dict the response of CO, assimilation to concurrent in-
creases in temperature and CO, for whole plants or can-
opies of soybean.
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